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Tandem solar cells consisting of amorphous and microcrystalline silicon junctions with the top junction
nanopatterned as a two-dimensional photonic crystal are studied. Broadband light trapping, detailed electron/hole
transport, and photocurrent matching modulation are considered. It is found that the absorptances of both junctions
can be significantly increased by properly engineering the duty cycles and pitches of the photonic crystal; however, the
photocurrent enhancement is always unevenly distributed in the junctions, leading to a relatively high photocurrent
mismatch. Further considering an optimized intermediate layer and device resistances, the optimally matched
photocurrent approximately 12.74 mA/cm2 is achieved with a light-conversion efficiency predicted to be 12.67%,
exhibiting an enhancement of over 27.72% compared to conventional planar configuration.
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A common goal for photovoltaic (PV) design is to find ef-
fective ways to manage photons and excitons for high
conversion efficiency by for example reducing cell reflec-
tion loss, improving light absorption of photoactive layers,
and increasing charge collection [1]. The rapid progress of
PV science has witnessed a lot of advanced light-trapping
scenarios and technologies, such as impedance-matched
coating [2], moth's eye structures [3], optical antennas [4],
and photonic crystals [5]. Recent interests also focus on
the applications of plasmonics in photovoltaics [6], e.g., by
core-shell metallic nanowire design [7] or metallic gratings
[8]. However, the strong parasitic absorption brings a
big challenge to strictly balance the (negative) parasitic
absorption loss and (positive) photocurrent gain of plas-
monic solar cells (SCs) [9]. Therefore, conventional dielec-
tric light-trapping structures are still attracting intensive
research/application interests. Among these designs, pho-
tonic crystals are usually employed as an effective way to* Correspondence: xfli@suda.edu.cn
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in any medium, provided the original work is pguide and confine the solar incidence, e.g., two-dimen
sional (2D) backside oxide grating [10] and low- or high-
dimensional photonic structures [11,12].
The above designs are mainly dedicated to single-
junction SCs. The strong demand for high photocon-
version efficiency requires a more efficient use of the
broadband solar incidence, leading to the generations of
tandem and multi-junction cells. One important direction
is the silicon-based tandem thin-film SCs (TFSCs), which
are realized by introducing a layer of hydrogenated micro-
crystalline silicon (μc-Si:H) into conventional amorphous
silicon (a-Si:H) SCs [13]. Compared to single-junction cells,
a well-designed tandem solar cell has to be the combin-
ation of properly designed light trapping, efficient carrier
transportation with low carrier loss, and perfectly matched
photocurrent. Unlike the ordinary random texture or
nanopattern in transparent conductive oxide (TCO), we re-
cently proposed an a-Si:H/μc-Si:H tandem cell by nanopat-
terning the a-Si:H layer into one-dimensional (1D) grating.
It is found that the realistic output photocurrent density
(Jsc) after current matching treatment can be greatly im-
proved arising from a broadband absorption enhancement,
which is stable against the changes of light polarization
and injection direction [14].n Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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sign, a dramatic rise in photocurrent has been predicted
in a purely optical means. It is thus reasonable to figure
that further improvement could be possible by introdu-
cing a high-dimensional photonic crystal as it provides
more controllable factors to optimize the PV behavior.
Moreover, electrically evaluating the device response is
necessary in order for a more accurate design on the
tandem cells. In this paper, we first perform a thorough
electromagnetic design based on rigorous coupled-wave
analysis (RCWA) and finite-element method (FEM) for
a-Si:H/μc-Si:H tandem TFSCs with a-Si:H layer nanopat-
terned as a 2D grating. Considering the dependence of
the incident polarization and well engineering the key
parameters of the 2D photonic crystal, we obtain the de-
sign with maximized absorption to the solar incidence.
Our latest progress in simulating multi-junction SCs en-
ables to look inside the microscopic charge behaviors of
the a-Si:H/μc-Si:H tandem cells so that the electrical re-
sponse as well as the photocurrent matching degree of
the SCs from optical design can then be evaluated in a
precisely electrical way. To match the photocurrents be-
tween the junctions, a modified design with an inter-
mediate layer is proposed. The optimized cell exhibits
light-conversion efficiency up to 12.67%, which is en-
hanced by 27.72% over its planar counterpart.
Methods
Figure 1a shows the diagram of the considered tandem
TFSC under a superstrate configuration, which is com-
posed of the glass substrate, SnO2:F top TCO, a-Si:H top
junction grated by SiO2, μc-Si:H bottom junction, ZnO:
Al bottom TCO, and rear silver (Ag) reflector. Λx (Λy)
and bx (by) are the pitch and grating width along x (y)Figure 1 Device and duty cycle optimization. (a) Schematic diagram of
grating; (b) maximal total current, max(Jtot), as a function of duty cycle (b/Λdirection, respectively, and dg is the grating depth. The
thicknesses of top and bottom TCOs are 600 and 80 nm,
respectively, in order to ensure a satisfactory device con-
ductivity. For the convenience of photocurrent match, we
assume a planar system with the thickness of a-Si:H (daSi)
[μc-Si:H layers (ducSi)] to be 220 nm (1,700 nm). The PV
materials are with fixed volumes under various nanode-
signs, i.e., for a-Si:H layer daSiΛxΛy = bxbydg, ensuring a fair
evaluation of the device performance.
Most optical simulations in this study are based on 2D
RCWA, which considers the periodicities along both x
and y directions and thus is very applicable for analyzing
high-dimensionally periodic structures. To make sure the
accuracy and reduce the time of computation, the first 11
diffraction modes are taken into account. It is especially
useful for performing optimization task for periodic three-
dimensional (3D) nanosystems through wide-range para-
metric sweep. However, RCWA does not give the full
information for SCs, especially for those composed by
multiple PV layers. Nevertheless, distinguishing the contri-
bution from each PV layer is crucial for tandem SCs in
order to score the photocurrent matching degree. There-
fore, a complementing full-wave FEM method is used to
obtain the detailed absorption information for the selected
systems after initial RCWA designs. The meshes are chosen
carefully according to the routine that the maximum elem-
ent size being no greater than min(λ)/10/max[n(λ)], where
λ is the concerned wavelength and n(λ) is the wavelength-
dependent refractive index. For a-Si and μc-Si, we adopt the
optical database from [15]; while for Ag and ZnO, the op-
tical constants are from Palik [16]. Since p and n regions
considered are lightly doped, along with their thin thick-
nesses (tens of nanometers), the semiconductor doping
can be deemed to bring neglectable effect on the opticala-Si:H/μc-Si tandem TFSCs with a-Si:H layer nanopatterned into 2D
).
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the absorption of top TCO is stable under various config-
urations and (2) the bottom TCO absorption is very weak
because the short-wavelength light has almost been de-
pleted completely before reaching the bottom. For these
reasons, the photoactive absorption (Pabs) can be obtained
by eliminating the top TCO absorption from the total ab-
sorption calculated from RCWA, and the total photocur-
rent Jtot is then predicted roughly from Pabs under the
assumption of perfect internal quantum process.
The above optical treatment can reflect the total absorp-
tion and overall photocurrent characteristics of the tandem
SCs to some extent. However, perfect carrier transportation
is generally not possible. A realistic device-oriented simu-
lation for SCs requires performing an optical-electrical
simulation by connecting the electromagnetic and carrier
transport calculations simultaneously (see [9,17,18] for de-
tails). For the tandem cells, we need the optical-electrical
simulations for both top and bottom junctions with carrier
generation, recombination, transport, and collection mech-
anisms totally included. The carrier generation profile in
each junction is from the electromagnetic calculation. This
way, the actual external quantum efficiencies (EQEs) and
short-circuit photocurrent densities (JaSi and JμcSi) of the
two junctions can be achieved, yielding the Jsc =min(JaSi,
JμcSi). With the dark current response calculated [18], we
can construct the current–voltage (J-V) curve for the tan-
dem TFSCs and carefully evaluate the cell performance,
such as open-circuit voltage (Voc) and light-conversion effi-
ciency (η) under various nanophotonic designs.
Results and discussion
As the featured size of the nanopattern is comparable to
the wavelength, the strong light-matter interaction is
extremely sensitive to the geometric configurations, pro-
viding an efficient way of controlling sub-wavelength
light-trapping behaviors. In this study, the integrated ab-
sorption is determined by the key parameters of the 2D
grating, i.e., the height (dg), pitches (Λx, Λy), and widths
(bx, by). Two-dimensional RCWA facilitates to find the op-
timized total photocurrent Jtot (= JaSi + JμcSi) by properly
designing Λ and duty cycle b/Λ in both directions. Under
a perfect internal quantum process, the upper limit of
total photocurrent (Jtot) is obtained by integrating spec-
trally the absorption Pabs (which has excluded the absorp-
tions from non-photoactive layers revised by FEM [14])
over the band of 300 ≤ λ ≤ 1,100 nm weighted by the
standard AM 1.5 spectra [19].
The plot in Figure 1b illustrates the max(Jtot) versus b/Λ
(bx/Λx = by/Λy). It should be noted that although only b/Λ
is given in the figure, the results are actually from a num-
ber of 2D parametrical sweep for both Λ (from 300 to
1,100 nm with step 50 nm) and b/Λ (from 0.5 to 1 with
step 0.05), i.e., the 3D PV system has been simulated forhundreds of times in order to find the designs with the
highest Jtot. For each b/Λ, only the maximized Jtot under
an optimized Λ, which generally varies under different b/Λ,
is recorded. Compared to the planar cell (i.e., b/Λ = 1) with
Jtot approximately 20.79 mA/cm
2, two-dimensionally nano-
patterning top junction always leads to a much higher Jtot
with a peak of 27.69 mA/cm2 (see red curve for unpolarized
case) at b/Λ = 0.75, Λx = 450 nm, and Λy = 850 nm. In addi-
tion, transverse electric (TE, i.e., electrical field E along y)
and transverse magnetic (TM, i.e., E along x) incidences
show identical max(Jtot) due to the geometrical symmetry,
while the value for unpolarized, i.e., (TE +TM)/2, is gener-
ally lower.
To explore the physics behind the above observation,
contour maps of max(Jtot) versus Λx and Λy are given in
Figure 2a,c for TM, TE, and unpolarized cases, respect-
ively. In these figures, b/Λ = 0.75 is used according to the
design of Figure 1 and the peaked Jtot values in mA/cm
2
have been marked directly. Comparing Figure 2 panels a
and b, the photocurrent maps for TE and TM cases are
mutually symmetrical with respect to the line of Λy =Λx.
This is rational since it is completely equivalent to rotate
either the electric polarization or the device by 90° in the
x-y plane. This answers the question that why the curves
(in blue) for TE and TM are undistinguishable in Figure 1b.
However, Jtot is not peaked under the same grating pitches
for TE or TM (see Figure 2a,b). A direct consequence is
that the maximal Jtot for unpolarized illumination can-
not reach the value under linear polarization. This can
be seen from Figure 2c, where max(Jtot) = 27.72 mA/cm
2
(<28.05 mA/cm2 from linear case) is found at Λx =
520 nm and Λy = 930 nm. It should be noted that the
peaked value and optimal pitches are slightly changed
from Figure 1b since a finer sweep with Λ step of 10 nm
is employed.
Figure 2d plots Jtot as a function of Λy with b/Λ = 0.75
and Λx = 520 nm for all interested polarizations conditions.
Also inserted is the Jtot of the planar system mentioned
previously. A photocurrent enhancement approximately
6 mA/cm2 is achieved under most of grating designs with
both linearly polarized and unpolarized incidences, show-
ing the attractiveness of the new tandem TFSCs with a 2D
nanopatterned photoactive layer. Since top TCO is consid-
ered in this paper to be with 600 nm for electrical con-
sideration unlike what we used in [14], a complete 1D
nanopattern design similar to [14] is also performed.
Optimized 1D design yields Jtot = 24.49 mA/cm
2, which
is apparently lower than that under 2D nanophotonic con-
figuration (i.e., Jtot approximately 27.72 mA/cm
2 with an
increment of 3.23 mA/cm2). This arises from the fact that
more solar energy is coupled two-dimensionally into the
resonant modes in the a-Si:H/μc-Si active layers under a
light-trapping mechanism with 2D photonic crystal [6].
Figure 2e,f is the (overall) absorption spectra (Pabs) of the
Figure 2 Grating pitch optimization and absorption spectra. Jtot versus Λx and Λy for (a) TM, (b) TE, and (c) (TE + TM)/2; (d) Jtot versus Λy at
Λx = 520 nm with planar case (wo, i.e., without nanopattern design) for reference; Pabs versus Λy and λ under (e) TM and (f) TE incidences, where
Λx = 520 nm. b/Λ = 0.75 (according to Figure 1) is used in all figures.
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dem cell has very good light absorption performance (ex-
cept that absorbed by top TCO when λ < 400 nm) in the
active band, especially within the band of 400 < λ < 700 nm.
For the optimized design (b/Λ = 0.75, Λx = 520 nm, and
Λy = 930 nm) from 2D RCWA, we turn to FEM calcula-
tion in order to get the detailed absorption distributions
in the tandem junctions. Absorption spectra for a-Si:H
and μc-Si:H layers (i.e., Pa-Si:H and Pμc-Si:H) are plotted in
Figure 3a, where TE, TM, unpolarized, and planar (wo)
cases are considered. Compared to the 1D grating design
[14], nanopatterning a-Si:H layer into 2D grating further
improves the junction capability of harvesting the solar
energy. Especially, Pμc-Si:H under either TE or TM inci-
dence is dramatically strengthened, e.g., Pabs = 71.61% for
TE (5.402% for wo) at λ = 886 nm and 79.85% for TM
(5.121% for wo) at 902 nm. In addition, there are much
more resonant peaks in the spectrum due to the strong
cavity effects and the presence of a great deal of diffraction
modes excited from the 2D grating. This can be very
beneficial to realize a broadband absorption enhancement.
For the top junction, 2D grating also improves the light
absorption than 1D case, resulting in a maximized Jtot as
discussed previously.
To evaluate the electrical response of each junction, a
device simulation which couples both optical absorption
and carrier transport are performed [17,18]. P/i/n setup
is assumed for both junctions with p/n doping concen-
tration of 1.3 × 1017/4.3 × 1016 cm−3 and thickness of 10/
30 nm (the rest is intrinsic region). Electron (hole) mo-
bility in p/i/n region for top junction is 4.6/4.6/100 (50/0.92/0.92) × 10−6 m2/V/s [17] and carrier mobility 100
times over those in top junction are used for the μc-Si:H
junction. Carrier lifetime is from [17], and the surface
recombination coefficient is 1 × 102 (1 × 104) cm/s for in-
terior (external) interfaces.
Figure 3a reveals that the imperfect internal quantum
process caused by the surface recombination and other
carrier loss mechanisms results in a great degradation
on the electrical properties of the top (a-Si:H) cell, which
is reflected as a much discrepancy between Pa-Si:H and
EQEa-Si:H especially at short-wavelength region. However,
for the bottom junction, Pμc-Si:H ~ EQEμc-Si:H is always ob-
served since the material defects are much less and the
bottom junction is far from the top surface where the sur-
face recombination is strong. Spectral integrations to the
EQE spectra indicate that under TE (TM) illumination, JaSi
can be risen by 2.11 (2.35) mA/cm2, resulting in the rise
of 2.23 mA/cm2 in the top junction under an unpolarized
injection. However, the raise of photocurrent in bottom
junction is especially dramatic (4.63 mA/cm2), which has
been actually expected from the multi-peaked absorption
spectra. Therefore, although significant improvement on
the absorption and light-conversion capability has been
realized by two-dimensionally nanopatterning a-Si:H. The
performance gain has not been evenly distributed to the
top and bottom junctions, leading to a photocurrent mis-
match high up to 2 mA/cm2.
It is found that the incorporation of a ZnO intermedi-
ate layer between the junctions can increase the absorp-
tion and photocurrent of the top junction through light
reflection from the a-Si:H/ZnO/μc-Si:H interfaces [13].
Figure 3 EQE spectra. Pabs and EQE spectra of a-Si:H/μc-Si tandem TFSCs with b/Λ = 0.75, Λx = 520 nm, and Λy = 930 nm, where a 18-nm ZnO
layer is sandwiched by two junctions in (b) (noted: no ZnO layer in (a)). In Figures 3 and 4, ellipses are used to categorize the simulation results.
Figure 4 J-V characteristic of the a-Si:H top cell, μc-Si:H bottom cell, and a-Si:H/μc-Si:H tandem cell. Power densities versus V are also
inserted for the designed tandem cell and reference cell.
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graded total photocurrent; therefore, its thickness has to
be designed carefully. According to our calculation, a
ZnO layer with thickness of 18 nm is an optimal design
for realizing the best photocurrent match without de-
grading Jtot noticeably. EQE spectra of a-Si:H and μc-Si:
H junctions incorporating the intermediate ZnO layer
are given in Figure 3b. Comparing to Figure 3a, it can be
seen that for wavelength between 500 and 700 nm, the
EQEa-Si:H has been increased for a higher JaSi. Since less
light is coupled into μc-Si:H layer, JμcSi is slightly lowered
for better current match. By integrating 2D nanopattern
and ZnO intermediate designs into the a-Si:H/μc-Si:H
tandem TFSCs, Jsc can be up to 12.83 mA/cm
2 under an
unpolarized solar illumination, which has been enhanced
by 35.34% compared to the planar system (i.e., increases
by 3.35 mA/cm2 from 9.48 mA/cm2).
Finally, based on the previously calculated Jsc and the
dark current densities in top and bottom junctions under
continuously increasing forward electric biases (V), the
current–voltage characteristics of the proposed a-Si:H/μc-
Si tandem TFSCs obtained are explored and illustrated in
Figure 4. For an accurate prediction of the electrical per-
formance, series and shunt resistances (Rs and Rsh) of the
solar devices have been taken into account. The values of
Rs and Rsh can be obtained by extracting the slope infor-
mation from the J-V curve at the points of V = 0 and Voc,
respectively [20]. In this study, the experimentally mea-
sured J-V curve from [21] is used due to the similar device
configuration. The calculated Rs and Rsh are 10 and 2,800
Ω · cm2, respectively. From the illustration, performance
parameters like maximum output power density (Pmax),
Voc, fill factor [FF = Pmax/(JscVoc)], and η can be obtained.
It is found that the tandem configuration can achieve a
much higher Voc approximately 1.5 V, which does not
change much under various light-trapping designs. How-
ever, Jsc shows great increase under the optimal 2D pho-
tonic crystal design, leading to a much higher Pmax. Under
a FF approximately 66.75%, η = 12.67% is predicated with
an enhancement ratio of 27.72% compared to the reference.
Conclusions
a-Si:H/μc-Si:H tandem TFSCs with improved absorption
and light-conversion efficiency are presented in this paper.
Full-wave electromagnetic and detailed carrier transport
calculations are used for a thorough design on the optical
and electrical performance of the nanostructured tandem
SCs. The maximized photocurrent matched between two
junctions is realized by two-dimensionally nanopatterning
a-Si:H top junction into 2D photonic crystal and introdu-
cing an optimized intermediate layer between the junc-
tions. Considering both optical and electrical perspectives,
a tandem cell with a relative increase of 35% (27.72%)
in Jsc (η) can be achieved under the optimized photonicdesign. Compared to conventional tandem cell in 1D
nanopattern, the proposed system exhibits an improved
light absorbing and conversion capability due to the
better confinement to the solar incidence under strong
diffraction and waveguiding effects, and therefore it is
believed to be a promising way of realizing high-efficiency
tandem TFSCs. Finally, we would like to indicate that the
designed system is with typical 2D grating structure, which
has been extensively used in various optoelectronic fields
and can therefore be fabricated by standard nanofabrica-
tion methods, including optical (sometimes electrical) lith-
ography, nanoimprinting, or laser holographic lithography
[22,23]. The fabrication of a-Si:H/μc-Si:H tandem TFSC
can be found from literatures (e.g., [24]).
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